SUMMARY cis-regulatory changes play a central role in morphological divergence, yet the regulatory principles underlying emergence of human traits remain poorly understood. Here, we use epigenomic profiling from human and chimpanzee cranial neural crest cells to systematically and quantitatively annotate divergence of craniofacial cis-regulatory landscapes. Epigenomic divergence is often attributable to genetic variation within TF motifs at orthologous enhancers, with a novel motif being most predictive of activity biases. We explore properties of this cis-regulatory change, revealing the role of particular retroelements, uncovering broad clusters of species-biased enhancers near genes associated with human facial variation, and demonstrating that cis-regulatory divergence is linked to quantitative expression differences of crucial neural crest regulators. Our work provides a wealth of candidates for future evolutionary studies and demonstrates the value of ''cellular anthropology,'' a strategy of using in-vitroderived embryonic cell types to elucidate both fundamental and evolving mechanisms underlying morphological variation in higher primates.
In Brief
Epigenomic and transcriptome profiling from in-vitro-derived human and chimpanzee cranial neural crest cells (CNCCs) allows for the identification and mechanistic exploration of recent cisregulatory landscape divergence underlying human craniofacial evolution.
INTRODUCTION
Since the discovery that the protein-coding regions of the genome remain largely conserved between humans and chimpanzees, it has long been postulated that morphological divergence between closely related species is driven principally through quantitative and spatiotemporal changes in gene expression, mediated by alterations in cis-regulatory elements (Carroll, 2008; King and Wilson, 1975; Wray, 2007) . A number of excellent case studies have validated these early predictions and demonstrated that mutations or deletions affecting distal regulatory elements called enhancers can alter ecologically relevant traits (Gompel et al., 2005; Shapiro et al., 2004; Attanasio et al., 2013) . Recent successes in full-genome sequencing and epigenomic strategies have enabled the first genome-wide comparisons of transcription factor (TF) binding and regulatory landscapes in closely related species, demonstrating the value of comparative epigenomics in the context of high-genome orthology for understanding principles of cis-regulatory evolution (Bradley et al., 2010; He et al., 2011; Stefflova et al., 2013) . Nonetheless, despite the availability of human and chimpanzee genomes, our knowledge of cis-regulatory divergence between humans and our closest evolutionary relatives remains fairly speculative. Previous efforts have relied heavily on computational approaches to pinpoint conserved non-coding elements that were either deleted or had undergone accelerated change specifically in the human lineage (McLean et al., 2011; Pollard et al., 2006; Prabhakar et al., 2006) . Functional epigenomic comparisons between humans and other primates have been largely limited to lymphoblastoid cell lines (Cain et al., 2011; Shibata et al., 2012; Zhou et al., 2014) or to profiling whole organs from more distantly related species (Cotney et al., 2013; Villar et al., 2015) .
Recently, iPSCs were made available from our nearest living evolutionary relative, the chimpanzee (Marchetto et al., 2013) , offering an opportunity to derive developmentally relevant and previously inaccessible tissue types in vitro. This allows aspects of species-specific development to be recapitulated in a dish, facilitating ''cellular anthropology'' through the discovery of cell-type-specific regulatory changes that occurred during recent human evolution. Here, we focus on the neural crest (NC), one of the embryonic cell populations most relevant to emergence of uniquely human traits. In vivo, NC cells (NCCs) arise during weeks $3-5 of human gestation from the dorsal part of the neural tube ectoderm and migrate into the branchial arches and what will later become the embryonic face, consequently establishing the central plan of facial morphology (Bronner and LeDouarin, 2012; Cordero et al., 2011; Jheon and Schneider, 2009) . Within our recent evolutionary history, the modern human craniofacial complex has undergone dramatic changes in shape and sensory organ function, which helped to build a recognizably human face and were required to accommodate the transition to bipedal posture, enlargement of the brain, extension of the larynx for speech, and compensatory rotations of the orbits, olfactory bulb, and nasomaxillary complex (Bilsborough and Wood, 1988; Lieberman, 1998; Spoor et al., 1994) .
To overcome the inability to obtain cranial NCCs (CNCCs) directly from higher primate embryos, we here employ a pluripotent stem-cell-based in vitro differentiation model in which specification, migration, and maturation of human and chimpanzee CNCCs are recapitulated in the dish (Bajpai et al., 2010; RadaIglesias et al., 2012; this study) . We compared TF and coactivator binding, histone modifications, and chromatin accessibility genome-wide to annotate the divergent regulatory element repertoire of human and chimpanzee CNCCs. This information allowed us to explore, with unprecedented comprehensiveness and resolution, the mechanisms of tissue-specific enhancer landscape evolution within a developmentally relevant tissue type in humans and our nearest evolutionary relative.
RESULTS

Derivation of Human and Chimpanzee CNCCs
Given the similarities in hominid gestational environment, we hypothesized that non-human primate CNCCs could be derived from pluripotent cells using the same cell culture conditions that we have previously applied to human embryonic stem cells (ESCs)/iPSCs (Bajpai et al., 2010; Rada-Iglesias et al., 2012) . Chimp iPSCs have recently become available and can be maintained in vitro under identical conditions as human ESCs/iPSCs (Marchetto et al., 2013) . Upon differentiation of our chimp iPSCs, we observed formation of highly mobile stellate cells that were morphologically indistinguishable from human CNCCs, expressed a broad range of migratory NC markers at levels equivalent to those seen in human cells, and had a very low level of HOX gene expression, a profile consistent with CNCC identity ( Figures 1A-1C and S1A). To characterize staging and homogeneity of our human and chimp CNCC populations, we identified a panel of five cluster of differentiation (CD) markers, whose expression is sensitive to the developmental progression of CNCC (see Experimental Procedures and Figure S1B ). These markers provided a platform for us to monitor and optimize our cell culture protocol for derivation and maintenance of primate CNCCs achieving metrics of homogeneity greater than 90% regardless of the genetic background, initial cell source (e.g., iPSC versus ESC), or species (human versus chimp); see Figure S1C and Experimental Procedures. Cultured primate CNCCs show a high correlation of expression signatures and epigenomic profiles with CNCCs isolated from chick embryos, reinforcing the NC identity of these in-vitroderived cells (Figures S2A and S2B) . Importantly, derived human and chimp CNCCs are both capable of prolonged maintenance (for up to 18 passages) and sustained differentiation capacity into both mesenchymal and non-mesenchymal lineages ( Figure S2C ). Furthermore, xenotransplantation of cultured human and chimp CNCCs into the dorsal neural tube of early chick embryos demonstrates their ability to engraft and then follow endogenous migration cues into the distal branchial arches ( Figures S2D and S2E ).
Epigenomic Profiling of Human and Chimpanzee CNCCs
For epigenomic profiling, we derived CNCCs from H9 hESCs and from iPSCs from two humans and two chimpanzees (Marchetto et al., 2013) . We subsequently performed chromatin immunoprecipitation and sequencing (ChIP-seq) using antibodies against CNCC TFs (TFAP2A and NR2F1), a general coactivator (p300), and histone modifications associated with active regulatory elements (H3K4me1, H3K4me3, and H3K27ac) ( Figures 1A and 1E ). In parallel, we mapped genome-wide chromatin accessibility using an assay for transposase-accessible chromatin (ATAC-seq) (Buenrostro et al., 2013) .
One crucial advantage of performing comparative epigenomics between human and chimpanzee, as opposed to a more distant primate relative, is the large similarity between genomes, which permits reciprocal mapping of sequencing reads to the reference genomes of both species. This allows for quantification of read enrichments from each species in the context of both reference genomes, removing otherwise difficult-to-control-for biases due to mappability, ambiguous liftOver, and other technical caveats. Importantly, we could unambiguously assign one-to-one orthology between genomes for >95% of all enhancer candidates from either species, with the remaining 4%-5% representing enhancers that fall within putative species-specific structural variants. We found that enrichments for all ChIP-ed factors and for chromatin accessibility were largely independent of the chosen reference genome and excluded all candidate elements for whom enrichment divergence was dependent upon the reference (< 0.1%) or that did not map uniquely in both genomes (see Experimental Procedures). Globally, the observed epigenomic patterns at candidate regions were highly correlated for human and chimp CNCCs (Figures 1E and Figure S4A ).
Genome-wide Annotation of Human and Chimpanzee CNCC Regulatory Elements Uncovers Enhancers with Craniofacial Activity
To annotate enhancers genome wide, we promiscuously identified candidate cis-regulatory regions by the presence of TF or p300 enrichment and/or increased chromatin accessibility. We then restricted our analysis primarily to enhancers by assessing the ratio of H3K4me1/H3K4me3 enrichment at these candidate sites, which distinguishes distal enhancers from promoters (Heintzman et al., 2007) , and further using H3K27ac enrichment to differentiate active from inactive elements (Creyghton et al., 2010; Rada-Iglesias et al., 2011) . The resulting enhancer candidates had enriched conservation signatures compared to surrounding genomic regions and were near genes annotated with craniofacial ontologies-consistent with bona fide NC enhancer status ( Figures S3A-S3C ). Furthermore, cross-referencing our enhancer list with the VISTA Enhancer Browser database (Visel et al., 2007) identified 247 regions overlapping CNCC enhancers that were functionally tested for activity in mouse embryos. Of those 247 regions: (1) 208 were active at E11.5 (odds ratio 6.33 and p < 5 3 10 À32 ), and (2) these 208 active enhancers were significantly enriched for activity in NC-derived head tissues (branchial arches and facial mesenchyme; Figure 1D , examples are shown in Figures 1E [right] , and Figure S3D ). Thus, our analysis captures regulatory regions relevant for distinct spatial identities in the developing face in vivo ( Figure 1D ). Taken together, our epigenomic approach thus comprehensively annotates putative human and chimp NC enhancers, at least a subset of which is active in facial structures during embryogenesis.
Quantitative Analysis of H3K27ac Enrichments Predicts Species-Biased Enhancers
We hypothesized that, in closely related species, quantitative modulation of activity at orthologous regions is a major form of enhancer divergence. To identify such divergence, we used H3K27ac enrichment data in biological quadruplicate (i.e., independent CNCC derivations from each individual) to quantitatively approximate activity at all annotated CNCC enhancers detected for either species. Global comparisons of H3K27ac enrichments between individuals of the same species revealed high concordance of signals, with some minor variation due to either differences in genetic background or experimental variability (Figures 2A, highlighted in red, and S4A). Human and chimpanzee CNCC H3K27ac enrichment was also highly correlated when mapped to the same reference genome, and human and chimpanzee CNCC H3K27ac profiles clustered together distinctly from 49 other human cell types ( Figures S4A and S4B ). Despite this high conservation of profiles, a substantial subset of elements demonstrated a significant species bias ( Figure 2A , FDR < 0.01 highlighted in blue), which we thereafter considered to be our species-biased enhancer candidates. H3K27ac ChIP-qPCR at select candidate enhancers from independent CNCC derivations recapitulated this species bias ( Figure S4C ). Importantly, consistent with the premise that H3K27ac is a suitable readout of enhancer activity, the bias in H3K27ac status alone was highly predictive of biases in TF and p300 binding, as well as chromatin accessibility ( Figure 2C ; examples are shown (legend continued on next page)
in Figures 2D and S4D ). Furthermore, this approach enabled genome-wide assignment of signed significance scores on a per-enhancer basis, visualizable as a genome browser track ( Figure 2D , ''Predicted Species Bias'' track). Altogether, of all annotated active human CNCC enhancers (n = 14,606), 84% were invariant, 4% fell at non-orthologous sites, and 6% and 7% demonstrated quantitative increase or decrease, respectively ( Figure 2B ). One limitation is the low number of currently available chimpanzee iPSC lines, especially given the high reported degree of polymorphism among chimps (Kaessmann et al., 1999) . To estimate false positive rate for identifying true fixed inter-species differences, we applied our strategy to previously published ChIP-seqs from chimp lymphoblastoid cell lines and estimated a conservative FDR of 0.15 when using only two chimp genetic backgrounds. This suggests that the vast majority of identified differences represent functionally fixed differences across species (the rest represent enhancers that are still divergent but remain polymorphic within one of the species). Our observations agree with the emerging notion that quantitative modulation of enhancer activity is the prevalent source of regulatory landscape divergence among closely related species.
cis-Sequence Changes Drive Species-Biased Enhancer Activity In Vitro and In Vivo
To functionally validate our predictions, we used a luciferase reporter assay to examine activity of a selected set of orthologous pairs of species-biased human and chimpanzee enhancers. We found that >80% of tested enhancers had correlated species bias in luciferase expression, which was consistent regardless of whether the reporter assays were performed in human or chimpanzee CNCCs ( Figures 3A and 3B ). These results further validate that H3K27ac identifies both enhancer activity and bona fide species bias; thus, for simplicity, we refer to H3K27ac enrichment interchangeably with ''activity.'' Importantly, these results also demonstrate that enhancer divergence can be largely explained by cis-sequence changes rather than differences in the trans regulatory environments of the human and chimp CNCCs.
The conservation of trans-environments across species facilitates testing of human and chimp regulatory elements in vivo using a mouse LacZ transgenic reporter assay. We selected two predicted human-biased enhancers near CNTNAP2 (enhancer 1) and PAPPA (enhancer 2), respectively ( Figures 3C and 3D ). For both predicted human-biased enhancers we observed gains of additional expression domains in head regions, as well as quantitative gains in enhancer strength, as evidenced by the overall higher LacZ staining intensity for the human sequence compared to the chimp ortholog . Notably, to ensure that the negative/weak staining results obtained with the chimp sequences were not a result of undersampling, we performed surplus embryo injections with both chimp enhancer reporters ( Figure S5A ). Thus, species-biased enhancers identified in our in vitro analysis drive distinct expression patterns within CNCC-derived tissues in vivo.
Human Accelerated Regions Overlap with Distal CNCC Enhancers Our results suggest that DNA sequence is the predominant driver of enhancer divergence; therefore, we began examining sequence properties of species-biased enhancers. Although species-biased enhancers were similar in H3K27ac enrichment levels when compared to invariant enhancers, they showed a distinct reduction of sequence conservation signatures ( Figure 4A ). Furthermore, we identified 163 ''human accelerated regions'' (HARs; Hubisz and Pollard, 2014) overlapping active chromatin features in CNCCs, of which 20 showed species-biased activity (at a cutoff of q < 0.001; n = 48 with a cutoff of q < 0.1) (Figures 4B and S6A-S6D), representing a significant enrichment relative to the whole enhancer set (p < 0.025, odds ratio 1.81). It is possible that the HARoverlapping regions without species bias in CNCC could manifest divergence in another tissue type, as exemplified by HAR2 (a.k.a., HACNS1), which overlaps an invariant CNCC enhancer ( Figure S6D , p value of species bias = 0.339) that has a pharyngeal arch activity domain that is conserved in primates but has human-specific activity in the embryonic limb (Prabhakar et al., 2008) .
Species-Biased Enhancers Are Enriched for Specific Classes of Retroelements
Given that nearly half of the human genome is composed of transposable elements, the majority of which invaded the primate lineage prior to the separation of humans and chimpanzees (Cordaux and Batzer, 2009) , we hypothesized that a subset of species-biased orthologous enhancers may be transposon derived. Interestingly, we found that, while CNCC enhancers overlapped with many different classes of repeats, specific subclasses of endogenous retroviruses (ERV1, ERVL-MaLR, and ERVK) as well as L1 elements were preferentially enriched at species-biased enhancers ( Figure 4C ), suggesting that these specific subclasses may harbor progenitor sequences that are prone to acquire CNCC enhancer activity over relatively short evolutionary distances.
(B) Pie charts showing the percentage of total active CNCC enhancers classified as either species-biased enhancers with gained activity (green), species-biased enhancers with decreased activity (purple), enhancers without clear orthology across genomes (yellow), or invariant enhancers (blue) using a human reference genome (above) or chimp reference genome (below). (C) Heatmap of raw ChIP-seq and ATAC-seq counts across species-biased and invariant CNCC enhancers for two human and two chimp genetic backgrounds. Each row represents a 2 kb window (1 kb each direction) centered around the middle of human-biased (n = 598, q < 0.0001), chimp-biased (n = 691, q < 0.0001), or invariant (n = 584 representative subset, q > 0.95) enhancers for H3K27ac (green), p300 (red), TFAP2A (yellow), K4me1 (blue), and ATAC-seq (gray). All reads were aligned to hg19. (D) Representative browser tracks showing overlaid H3K4me1 (blue), p300 (red), and H3K27ac (green) from human and chimp CNCCs mapped to hg19. Examples of strongly human-biased, weakly human-biased, or strongly chimp-biased enhancers highlighted in pink. Predicted species-bias track shown above for candidate enhancers; the magnitude of the bias track represents Àlog10 (adjusted p value of divergence) with negative sign (indigo) representing chimp bias and positive (bronze) human bias. Sequence Substitutions within TF Binding Motifs at Species-Biased Enhancers Contribute to Epigenomic Divergence Consistent with the expectation that species-specific biases are largely sequence driven, we observed that the variance in H3K27ac between species at each enhancer scales proportionally with the degree of sequence dissimilarity (i.e., Levenshtein distance) at those orthologous sites, while the intra-species variance at the same regions remains unchanged ( Figure 4D ). Nonetheless, even at enhancers with detectable species bias, sequence substitutions were still infrequent-only $3-6 substitutions per 500 bp enhancer-suggesting that a small number of mutations can confer substantial effects on overall enhancer activity, likely by affecting binding of key sequence-dependent TFs. We therefore interrogated how frequently sequence substitutions fall within particular classes of TF motifs and to what degree these mutations correlate, either positively or negatively, with changes in enhancer activity or other chromatin modifications ( Figure 4E ). This, in essence, leverages preexisting genetic variation like a large-scale mutagenesis screen. Through this approach, we identified a large set of both known and novel motifs for which deviation from the consensus was correlated with species bias of H3K27ac and other epigenomic marks, implying functional consequences for these mutations. As expected, the correlations vary in frequency and in effect, with some motifs being frequent and having small effects (e.g., Forkhead factors) and others being infrequent but conferring large effects (e.g., TFAP2A), with one outlier motif being both very frequent and conferring large effects when mutated (see description of the ''Coordinator'' motif below) ( Figure 4F ). Among our top hits, we identified many motifs for TFs with known effects in NC regulation, including a set of TFAP2 motif variants that serve as a positive control for our approach, as we see a high correlation between TFAP2 motif mutations and inter-species divergence in TFAP2A ChIP signals at these sites ( Figure 4G , group 3). We previously showed that TFAP2A participates in establishment of active chromatin states at NC enhancers (Rada-Iglesias et al., 2012) , and consistently we observed that divergence from the TFAP2A consensus also correlates with the loss of H3K27ac, co-activator binding, and chromatin accessibility. Notably, TFAP2 motifs are depleted from species-biased sites, likely due to strong selective pressure to conserve TFAP2A function in the NC and possibly in other pleiotropic contexts (Figure 4F) . Another interesting set of motifs, which are both frequent at species-biased sites and positively correlated with permissive chromatin states, are those recognized by ALX homeobox factors that are highly expressed in the face and mutated in severe frontonasal dysplasias in humans (Twigg et al., 2009) (Figures 4F  and 4G, group 2) . Intriguingly, we also identified a group of motifs whose mutations away from the consensus were correlated with a gain in chromatin accessibility and H3K27ac, suggesting that these motifs may recruit repressive factors with negative effects on overall enhancer activity. Examples of such motifs included the SNAI2 motif, which is bound by a known transcriptional repressor, the TBX family motif bound by T-box factors, and other candidate negative regulators representing distinct TF classes, e.g., HIC1/2, MESP1, TCF3/4, and GLIS1 ( Figure 4G , group 1). These results suggest an unappreciated prevalence of repressive inputs in quantitative modulation of enhancer activity.
''Coordinator'': A novel Motif that Is Highly Predictive of Active Chromatin States and Species Bias Surprisingly, one motif stood out as an outlier in this analysis, as it was exceptionally enriched at divergent sites and was the most correlated with changes in all examined active chromatin features (Figures 4F, and 4G, . This sequence, which we termed the ''Coordinator'' motif, is a 17-bp-long motif, which we identified through de novo motif discovery from our CNCC-specific enhancers and was not previously annotated to a known regulatory complex. We note that portions of the Coordinator resemble an E box and HOX-like motifs; however, these represent large protein families, and the particular factors that bind at this element remain to be identified.
Sequence analysis using INSIGHT, a tool to infer signatures of recent natural selection using human polymorphism data (Gronau et al., 2013) , found evidence of positive selection at the Coordinator motif occurrences within species-biased enhancers, but not within invariant enhancers, suggesting that the motif and its cognate binder(s) have played a privileged role in recent enhancer divergence in primate CNCCs ( Figure 5A ). When we further dissected the motif by individual bases, we found that the correlations of each nucleotide with ChIP enrichments (both for histone modifications and TF ChIPs) recapitulated the information content of the motif itself, as would be expected if Coordinator motif mutations were causal for the observed chromatin changes ( Figure 5B ). Fittingly, we found human mutations that strengthen the Coordinator motif within both human-biased enhancers tested in mouse transgenesis (Figure S6E) . Globally, the Coordinator motif was preferentially enriched at distal regulatory elements rather than at promoters ( Figure S6F ) and was further enriched at enhancers that were CNCC specific as opposed to those that shared measurable H3K27ac in other tissue types ( Figure 5C ). Interestingly, we observe that LTR9 elements, a retroelement class enriched at species-biased enhancers, are 53 more likely to harbor a Coordinator motif variant than MER52A elements, a similar repeat 
. Global Features of Species-Biased Enhancers and Correlation of Mutations within TF Binding Motifs with Epigenomic Divergence
(A) Average PhastCons scores are shown for strong invariant enhancers (q > 0.98), strongly human-biased enhancers (q < 0.0001), or strongly chimp-biased enhancers (q < 0.0001) for 1 kb surrounding each enhancer center. (B) Degree of species bias (log 2 fold change H3K27ac human/chimp, y axis) relative to enhancer strength (human-chimp-averaged H3K27ac enrichment, x axis) for bulk CNCC elements (black) and elements overlapping HARs (color representing q value of species bias: q < 0.1 in red, q R 0.1 in green). (C) Counts of repeat families overlapping species-biased enhancers (y axis) relative to counts of repeat families overlapping all CNCC regulatory sites (x axis) are plotted. q values of enrichment for different repeat classes is indicated by color.
class depleted from species-biased sites. Even at sites without activity in CNCCs, LTR9 sequences are 3.73 more likely to harbor a Coordinator-like motif than MER52A, consistent with the idea that a preexisting Coordinator-like progenitor sequence contributed to the recent adaptation of some retroelements for CNCC enhancer function. Lastly, we found that the Coordinator motif alone was able to drive activity in luciferase reporter assays in CNCCs ( Figure 5D ).
(D) Pairwise H3K27ac variance s2-s2 ld = 0 at enhancers across samples, ranked by increasing sequence dissimilarity counted by Levenshtein distance (ld) between human (hg19) and chimp (panTro3) orthologous 200 bp enhancers, relative to ld = 0. Comparison between samples of different species shown in black; same species shown in red (means represented by thick lines). (E) Schematic showing method for deriving the correlation coefficient. For a given motif, each occurrence genome wide containing a genetic change across species is plotted as D-log10 p value (human/chimp) of the fit to consensus (x axis) versus DH3K27ac for the overlying enhancer region (human/chimp) (y axis), then a line is fit. The slope of the line represents the correlation coefficient for that given motif and epigenomic modification genome wide. (F) Enrichments of classes of motifs at species-biased enhancers over all enhancers (log odds ratio, x axis) plotted relative to genome-wide correlation coefficient calculated for each motif (using H3K27ac), as described in E (y axis). (G) Genome-wide correlation coefficients were calculated for whole databases of annotated motifs and multiple chromatin features, revealing motifs with large influence on epigenomic profiles. Correlation coefficients are bi-clustered per motif, and resulting changes in enrichment of chromatin features (p300, K27ac, TFAP2A, H3K4me1, H3K4me3, NR2F1, ATAC) at all enhancers containing mutated PWMs are represented by color. Individual subclusters are magnified below with corresponding motifs indicated. 
Sequence Analysis Reveals the Recent Evolutionary History of Coordinator Motif Changes
Our results suggest that nucleotide changes within Coordinator motif sites represent an important class of ''causative'' mutations predictably associated with gain or loss of CNCC enhancer activity. Thus, by comparing the fit to the consensus for Coordinator-like motifs with a reconstructed ancestral outgroup, we can infer the polarity of enhancer activity change in each lineage relative to the common human-chimp ancestor. Using this strategy, we observed that human-biased enhancers contain Coordinator-like sequences that were equally prone to: (1) a gain in the fit in the human lineage (n = 300) or (2) a loss in the fit in the chimp lineage (n = 255) relative to the ancestral state ( Figure 5E ). However, human-biased enhancers contain almost no examples in which there was a gain of Coordinator fit in the chimp lineage or loss in the human lineage, an important validation of our analysis. Conversely, we see that chimp-biased enhancers are similarly prone to gains of the Coordinator motif in the chimp lineage (n = 218) versus losses in the human lineage (n = 255) and again, with almost no gains in human or losses in chimp. Thus, there appears to be no preferred direction of enhancer divergence in either lineage since the split from our common ancestor for this class of sites. We also applied our analysis to hominin outgroups such as Denisovans and Neanderthals and found that, as expected given the much more recent split from the common ancestor, these lineages primarily share the human-like variants of the Coordinator motif at species-biased sites ( Figure S6G ). Therefore, even for individuals substantially more diverged than any modern human, most changes are present in the hominin lineage relative to the human-chimp ancestor. However, there is a small set of changes that are unique to modern humans compared to other hominins, and those clearly merit further exploration.
Species-Biased Enhancers Flank Genes that Show Species-Biased Expression
Recent studies suggest that gene expression levels are more evolutionarily conserved than utilization of cis-regulatory elements and can be buffered by redundant or compensatory elements regulating the same loci (Hong et al., 2008; Odom et al., 2007; Schmidt et al., 2010; Vierstra et al., 2014; Wong et al., 2014) . Nonetheless, at least some of the species-biased enhancers should be associated with transcriptional changes at nearby genes if they are responsible for morphological variation. To test this, we performed RNA-seq analyses of our human and chimp CNCC populations and identified genes whose expression significantly diverged between, but not within, species. We found that genes with significantly divergent expression between humans and chimpanzees are strongly enriched for nearby species-biased enhancers, with human-biased genes flanked by human-biased enhancers and chimp-biased genes flanked by chimp-biased enhancers ( Figure 6A ). In addition, we observed that the fraction of species-biased genes (but not the degree of the expression bias) scales with the number of flanking enhancers biased toward the same species ( Figure 6B ).
Clusters of Regulatory Divergence Flank Loci Involved in Intra-Human Facial Variation
Interestingly, we found that strongly divergent enhancers were not distributed at random throughout the genome but instead were likely to fall in close genomic proximity to other speciesbiased enhancers matching in polarity ( Figure S7A ), suggesting that divergent enhancers fall into regulatory clusters. To systematically locate these clusters, we calculated a genome-wide divergence score using a moving window over the nearest $10 enhancers for each species, integrating both the degree and genomic span of divergent enhancers in series ( Figure S7B ). This strategy revealed a low baseline encompassing the bulk of interspersed species-biased enhancers (examples of Chr11 in Figures S7C and S7D , top) but exposed a subset of regions throughout the genome ($1-4 per chromosome), with a marked increase in their divergence score resulting from presence of dense clusters of strongly biased enhancers ( Figure 6C ). Importantly, we find that these clusters of divergence do not emerge simply by chance due to increased frequency of enhancers near highly active CNCC genes ( Figures S7C and S7D) .
When ranking all human-and chimp-biased enhancers according to their divergence score, we observed an inflection in the distribution ( Figures 6D for human, 6E for chimp). Using this inflection point as a cutoff, we identified 32 human and 65 chimp clusters of divergence, spanning genomic windows of, on average, $500 kb and encompassing $11.9% of all species-biased enhancers. Of note, while some clusters overlapped super-enhancers in CNCCs, most super-enhancers were not identified as a species-biased cluster and many species-biased clusters did not encompass super-enhancers, indicating that these two entities are distinct (Whyte et al., 2013) .
We speculate that these species-biased enhancer clusters represent broad cis-regulatory regions under strong evolutionary pressure to diverge and hypothesize that they may contain genes with central roles in the regulation of NC-associated phenotypes. Indeed, these regions fall immediately over or next to genes that are critical in facial morphogenesis, including PRDM16, MN1, COL17A1, EDNRA, PAX3, PAX7, SOX10, and ALX4. Intriguingly, of five chromosomal regions linked to normal-range human facial variation in GWAS, three (PRDM16, COL17A1, and PAX3) fall directly within these regions of high divergence. Importantly, the clusters were highly predictive of changes in nearby gene Figure S4B) Negative regulator of BMP4 function in osteoblast and chondrocyte differentiation (see also BMP4). In humans, homozygous or heterozygous mutations in BMPER are associated with a skeletal disorder, diaphanospondylodysostosis, whose consistent craniofacial features include ocular hypertelorism, epicanthal folds, depressed nasal bridge with short nose, and low-set ears. In mouse knockout leads to loss of squama temporalis and stapes fusion to styloid process.
PITX2
Proposed to be a crucial mediator of beak shape changes in Darwin's finches and of specific overexpression of BMP4 during mouse development results in the dramatic Asher et al., 1996; expression for the bulk of the associated genes in the region (Figure 6E) , suggesting that either (1) multiple genes in the vicinity must be under coordinated selection for these super-divergent regions to emerge or, more likely, that (2) strong selection on one or a few target genes could drive changes in the local enhancer landscape that have secondary effects on other genes in the vicinity. Altogether, we provide evidence that highly divergent clusters of tissue-specific enhancers may promote interspecies and intra-species phenotypic variation.
Resource for Studies of Human Morphological Evolution
In addition to informing the basic mechanisms underlying the cisregulatory divergence of human and chimpanzee NC, our study also provides a rich resource for future investigations of morphological evolution of human craniofacial traits. Ontology annotations of all significantly species-biased enhancers reveal strong associations with processes important for various craniofacial structures that are diverging in human and chimps ( Figure 7A ). As examples, we highlight some of the most interesting divergent candidate genes in Figure 7B . These featured loci show species-biased expression in our RNA-seq and also map to regions with species-biased enhancer divergence and are emphasized due to their known associations with CNCC development and/or facial morphology. Nonetheless, it is important to bear in mind that the biases in gene expression and enhancer states highlighted in Figure 7 refer to the relative change between human and chimpanzee CNCCs, without ascribing the polarity of the change with respect to the ancestral status. Our divergently expressed genes are known to be involved in multiple, distinct developmental processes that cooperate to influence differential allocation of CNCCs in facial primordia and, in turn, contribute to species-specific morphology (Fish et al., 2014) . These processes (and associated species-biased genes) include: (1) CNCC specification (e.g., PAX3, PAX7), (2) migration and guidance of CNCC migratory paths (e.g., EPHB2, NRP2, EDNRA, EDN3), (3) modulation of CNCC proliferation at facial primordia (e.g., BMP4), and (4) regulation of CNCC differentiation (e.g., PITX2). Moreover, heterozygous mutations in many of these genes (e.g., PAX3, PITX2, FOXC1, EDN3, BMPER) are associated with human syndromes that include craniofacial manifestations, suggesting that altered gene dosage can drive both morphological variation between species and, below a certain threshold, disease-associated malformations ( Figure 7B ). Furthermore, many phenotypes of the highlighted genes affect aspects of head morphology that have diverged between humans and chimps (e.g., size of the mandible and maxilla, skull shape, and pigmentation) ( Figure 7B and Discussion). Altogether, our study provides a wealth of candidate loci for further deep exploration in studies of human evolution and variation.
DISCUSSION
Our study utilizes primate cellular models to provide a comprehensive map of human and chimp regulatory divergence in a tissue with central relevance to the development of the head and face. We show that a common mechanism of regulatory divergence in higher primates is quantitative modulation of orthologous elements, driven largely through small numbers of sequence changes that perturb tissue-specific TF binding motifs. This is consistent with previous studies from closely related Drosophila or mouse species demonstrating that large effects can be conferred by a small number of mutations affecting direct and cooperative binding of key TFs (Bradley et al., 2010; He et al., 2011; Stefflova et al., 2013) . Interestingly, we find that not all TF binding sites contribute equally to regulatory divergence-in fact, we identify a broad spectrum of regulatory motifs that vary in frequency and effect, suggesting a mechanism through which evolution can fine-tune cis-regulation across an enhancer landscape. One outlier in our analysis is the Coordinator motif, a de novo consensus sequence that is strongly predictive of the surrounding chromatin features and is highly enriched at species-biased enhancers. We speculate that the factor(s) that recognize the Coordinator motif play a privileged role in the establishment of enhancer competence in this cell context, reminiscent of the Drosophila TAGteam motif bound by a pioneer factor Zelda (Liang et al., 2008; Satija and Bradley, 2012) . Furthermore, we find evidence of repressive inputs into quantitative modulation of enhancer activity, with a sizable number of motifs whose gain in strength negatively correlates with acquisition of permissive chromatin states.
Our work provides a rich framework for future gene-centric studies on the developmental mechanisms of human morphological evolution. Indeed, our approach identified loci that are known to profoundly affect NC development and craniofacial morphology, often in a dosage-sensitive manner. For example, we observed that two genes involved in CNCC specification, PAX3 and PAX7, are expressed at higher levels in chimps and are associated with clusters of chimp-biased enhancers. In mice, mutations of these TFs lead to reduction of pigmentation and snout length (Pax3) (Tremblay et al., 1995) and reduction of maxilla and pointed snout (Pax7) (Mansouri et al., 1996) , features that are consistent with smaller jaw size and hypopigmentation of humans as compared to chimps. Furthermore, humans are sensitive to alterations of PAX3 dosage, as haploinsufficiency of this gene is associated with craniofacial, auditory, and pigmentation defects (Waardenburg syndrome, OMIM #193510), and genetic variants at this locus have been identified in GWAS studies as regulators of normal-range facial shape (Liu et al., 2012; Paternoster et al., 2012) . Thus, variation in Figure 7 . Species-Biased Enhancers Are Associated with Genes Affecting Craniofacial Structures (A) GREAT term enrichments and associated facial regions indicated for human-biased enhancers (q < 0.01, baseMean > 300) and chimp-biased enhancers (q < 0.01, baseMean > 300); binomial raw p values are shown below. Ontology categories are color coded (human phenotypes, red; mouse phenotypes, blue; biological processes, green). (B) Table of highlighted divergently expressed genes showing direction of bias (human-biased versus chimp-biased indicated by H or C, respectively), DESeq adjusted p value of expression divergence, coordinates of nearby species-biased enhancers with corresponding bias (hg19), description of genetic phenotypes, disease associations, comments, and relevant references. Full reference information can be found in Table S1 . PAX3 and PAX7 levels represents an attractive possible mechanism for mediating facial shape divergence between humans and chimpanzees.
We also find evidence that genes already known to affect facial morphology in other species, such as BMP4, are diverging in higher primates as well. BMP4 is the most well-understood example of a factor that influenced craniofacial morphological change during evolution, as it has been implicated in mediating changes in beak morphology in Darwin's finches (Abzhanov et al., 2004) and in jaw shape in Cichlid fish (Albertson et al., 2005) . We were therefore intrigued to note that BMP4 is associated with strongly human-biased enhancers and is expressed at higher levels in humans than in chimps. Conversely, expression of the BMP4 inhibitor BMPER was significantly chimp biased and showed dramatic strengthening of the local chimp enhancer landscape. What would be the potential effects of elevated BMP4 expression on primate facial development? Interestingly, in the mouse, CNCC-specific overexpression of BMP4 results in a dramatic change of facial shape, with shortening of both the mandible and maxilla, rounding of the skull, and more anterior orientation of the eyes (Bonilla-Claudio et al., 2012)-morphological changes that resemble those observed between human and chimps. Thus, the same molecular mechanism that has been postulated to influence beak morphology in Darwin's finches may also contribute to our uniquely human facial features.
Even more intriguing, of five chromosomal regions that have been associated with normal-range human facial variation in GWAS, three (PRDM16, COL17A1, and PAX3) coincide with clusters of species-biased enhancers uncovered in our study (Liu et al., 2012; Paternoster et al., 2012) , suggesting a significant overlap between loci regulating intra-and inter-species variation of facial shape in higher primates. We therefore hypothesize that other divergent clusters identified in our study represent novel candidates for loci involved in the regulation of facial shape in humans. More broadly, we suggest that comparisons of human regulatory landscapes with those of a closely related primate in any tissue of interest may provide an effective strategy to identify candidate loci involved in normal-range and disease-associated variation.
EXPERIMENTAL PROCEDURES CNCC Derivation
Pluripotent lines were differentiated into CNCC as previously described (RadaIglesias et al., 2012) . Details are provided in the Supplemental Experimental Procedures.
Chromatin Immunoprecipitation and Preparation of ChIP-Seq Libraries Chromatin immunoprecipitation (ChIP) was performed using $0.5-1 3 10 7 CNCCs per experiment, as previously described (Bajpai et al., 2010; RadaIglesias et al., 2011 RadaIglesias et al., , 2012 . Antibodies used for ChIPs are listed in the Supplemental Experimental Procedures. Sequencing libraries were prepared starting from 30 ng of ChIP DNA using the NEBNext Multiplex Oligos for Illumina kit (Cat# E7335S). Libraries were multiplexed four to six samples per lane for 1 3 50 bp next-gen sequencing on Illumina HiSeq platform.
Quantitative Analysis of H3K27ac ChIP-Seq and Identification of Divergence All sequencing reads were aligned to both reference genomes (hg19 and panTro3) using default settings with bowtie2.2.4, regardless of species of origin.
Modal peak positions for candidate regulatory elements were determined using a mean shift procedure, described in the Supplemental Experimental Procedures. To obtain count statistics for each H3K27ac ChIP alignment, we counted read coverage in a 1.6 kb window surrounding modal peak positions. ENCODE-blacklisted regions and outlier regions with high counts in control input sequences relative to ChIP were removed as artifacts. Scores for visualization and classification of remaining ChIPs were obtained using a kernel density estimate, as previously described (Buecker et al., 2014) .
Calculations of species bias were inferred with DESeq2, based on the read counts from all replicates of H3K27ac at candidate enhancers from three human lines (one hESC, two iPSC) and two chimp lines (two iPSC). DESeq2 analysis was performed separately for panTro3 and hg19 counts; then conservatively, the higher p-adj value and lower abs(log2FoldChange) of the analysis from either hg19 or panTro3 were assigned to each region, while rare regions with discordant calls were excluded from list of biased sites (less than 0.1%).
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